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Signal-averaged electrocardiograms (ECGs) and pro-
grammed ventricular stimulation were serially performed
in 12 dogs (3 weeks of age) after experimental anteroapical
myocardial infarction. At electrophysiologic study, sus-
tained ventricular tachyarrhythmia was induced in seven
dogs on at least one occasion. Of a total of 39 electrophys-
iologic studies, sustained monomorphic ventricular tachy-
cardia was induced in seven studies and ventricular fibril-
lation in eight studies. In the remaining studies, no
ventricular arrhythmia could be induced with triple ven-
tricular extrastimuli.
There was considerable day to day variability in the
response to programmed stimulation and the results of the
signal-averaged ECG. The signal-averaged QRS complex
was significantly longer in dogs with inducible ventricular
tachycardia or fibrillation (61 ± 5 versus 57 ± 3 ms, p =
0.02), had a lower terminal QRS amplitude (24 ± 20 versus
46 ± 33 /LV, P =0.04) and a longer late potential duration
High resolution surface electrocardiograms (ECGs) have
demonstrated the presence of low amplitude, high frequency
signals at the end of the QRS complex in patients with healed
myocardial infarction who are susceptible to sustained ven-
tricular tachycardia and ventricular fibrillation (1-5). These
"late potentials" are thought to result from delayed ventric-
ular activation within the periinfarct zone (6,7), and repre-
sent the anatomic substrate for reentrant arrhythmias.
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(19 ± 4 versus 15 ± 3 ms, p =0.003) compared with that
in animals with no inducible ventricular arrhythmia. Late
potentials were defined as a total QRS duration >58 ms, a
terminal QRS amplitude <20 /LV and a late potential
duration>18 ms. Using this definition, late potentials were
seen in two distinct phases-immediately after coronary
ligation and then beyond the first 72 h after infarction. The
appearance of late potentials coincided with a change in
arrhythmia inducibility from no ventricular arrhythmia to
initiation of sustained monomorphic ventricular tachycar-
dia.
There is a close relation between inducibility of ventric-
ular tachycardia in experimental canine myocardial infarc-
tion and the appearance of late potentials on the surface
EeG. This suggests that the propensity to ventricular
arrhythmias after myocardial infarction is closely depen-
dent on the development of slowed conduction.
(J Am Coil CardioI1990;15:1365-73)
Late potentials are commonly detected during the first
week after acute myocardial infarction (8-10), but have been
observed (11-13) to undergo dynamic changes and disappear
in up to 30% of patients during the ensuing year after
infarction. Recent studies (14-18) have demonstrated alter-
ations in the electrophysiologic properties of the heart after
infarction in patients and animals (15,17), whereby a reduc-
tion in induced ventricular tachyarrhythmias has been ob-
served with time during the healing phase. If late potentials
are indicative of an underlying substrate for ventricular
arrhythmias, one would expect their presence over time to
coincide with inducible ventricular arrhythmias.
This study addressed the relation between late ECG
potentials detected on the body surface in a postinfarction
canine model and ventricular arrhythmia induced by pro-
grammed electrical stimulation at different stages during the
healing phase of infarction. Specifically, we sought to deter-
mine whether development or resolution of late potentials
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coincided with changes in inducibility of postmyocardial
infarction ventricular arrhythmias during the healing phase.
Methods
Animal preparation. Experiments were performed on 12
mongrel dogs weighing between 15 and 20 kg. Animals were
anesthetized with pentobarbital sodium (30 mg/kg), intu-
bated and ventilated with room air using a Harvard respira-
tor. The chest was opened by means of a left lateral
thoracotomy, and the heart was suspended in a pericardial
cradle. The left anterior descending coronary artery was
ligated distal to the first diagonal branch, followed by ligation
of all visible epicardial collateral vessels arising from the left
circumflex and right coronary arteries. This resulted in
transmural anteroapical myocardial infarction. Details of
this canine model of experimental myocardial infarction
have been described previously (15). Bipolar Teflon-coated
stainless steel pacing electrodes were sutured to the left
atrium, anterior right ventricle and two left ventricular sites
(periapical and left ventricular free wall) and exteriorized at
the posterior thorax to allow for pacing and programmed
stimulation during the follow-up studies. The chest was
closed, and intrathoracic air was evacuated by means of a
chest tube. After chest closure, no prophylactic antiarrhyth-
mic drugs were given. Dogs were then monitored for 90 min
in the operating room before transfer to the recovery area.
Signal-averaged ECG. The body surface ECG was re-
corded from standard bipolar orthogonal leads X, Y and Z
during at least 256 consecutive beats onto FM magnetic tape
before thoracotomy, 1h after creation of myocardial infarc-
tion (with the chest closed) and then immediately before
each electrophysiologic test at 3 to 21 days after infarction.
Recordings were made during sinus rhythm and atrial pacing
at several cycle lengths between 350 and 250 ms.
The computer-based signal-processing analysis was per-
formed using methods similar to those previously described
for use in human subjects (3,12). For the analysis of sinus
rhythm recordings, signals were played back from the tape
to the input of a commercially available signal-processing
unit (Corazonics Inc.) adapted for the processing of high
level input signals. Signals were initially bandpass-filtered at
0.05 to 300 Hz and digitized on an IBM AT computer. The
digital signals were passed through an automated template
recognition program to eliminate noise and ectopic beats.
The data from each of the three leads were individually
summed and averaged and then filtered by a bidirectional
digital four pole Butterworth filter with a high pass corner
frequency of 40 Hz. A composite vector magnitude tracing
was derived by obtaining the square root of the sum of
squares of the data from each lead; calculations of QRS
duration and terminal voltage and duration were automati-
cally derived by computer algorithm (3,4). The automated
estimates of QRS onset and offset were reviewed by the
investigators.
Electrophysiologic testing. Study protocols adhered to the
guidelines of the Animal Research Committee of the Massa-
chusetts General Hospital. Dogs were studied in a conscious
state under mild sedation (using morphine [2 to 8 mg] and
diazepam [2.5 to 7.5 mg]), with animals suspended in a body
harness. The propensity to ventricular tachyarrhythmias
was assessed using a standard pacing protocol from each of
three ventricular sites. Single, double and triple extrastimuli
were introduced after an eight beat train at a cycle length of
300 ms from one right ventricular and two left ventricular
sites at twice diastolic threshold. Rapid ventricular pacing
was not performed because of the poor reproducibility of
induced ventricular arrhythmias noted with this form of
stimulation in previous studies (15). Animals were consid-
ered to have inducible ventricular arrhythmia if sustained
ventricular tachycardia or fibrillation was initiated from any
site (>30 s or requiring ventricular pacing or countershock
for termination because of hemodynamic instability); other-
wise the end point of the stimulation protocol was the
completion of stimulation with up to three extrastimuli from
all three sites. Monomorphic ventricular tachycardia was
defined as a ventricular rhythm characterized by uniform
beat to beat QRS configuration in each of the three moni-
tored ECG leads.
Data analysis. The following signal-averaged ECG varia-
bles were evaluated: total filtered QRS duration, root mean
square voltage in the terminal 20 ms of the QRS complex and
the signal duration in the terminal portion of the QRS
complex <40 /LV (late potential duration). These variables
are similar to those used previously in human studies (10-
13), except for the signal duration used for the root-mean-
square voltage calculation. The terminal 20 ms was chosen
because the total QRS duration in dogs is approximately 50%
of the human signal. although the QRS amplitude is compa-
rable in humans and dogs.
Late potentials were defined as the presence of all three
of the following variables: QRS duration >58 ms, root-mean-
square voltage in the last 20 ms of the QRS complex <20 /LV
and a late potential duration> 18 ms. These values approx-
imate half of the values defined in human studies.
For the purpose of data analysis, the postmyocardial
infarction period was divided into three phases: phase I,
representing the first 72 h after infarction, phase II, from day
4to 10 and phase III beyond day 10. Unless otherwise noted,
data are shown as mean values ± SD.
Results
Characteristics of induced ventricular arrhythmias (Table
1). Of the 12 dogs that underwent experimental infarction,
11 survived the early recovery period and had serial pro-
grammed cardiac stimulation studies. Sustained ventricular
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Table 1. Spontaneous and Induced Ventricular Tachyarrhythmias in 12 Dogs
Phase 1 Phase II Phase III
Post-MI
Dog. No. (spontaneous) Study I Study II Study III Study IV Study V Study VI
VF VF VT VF
LV. S4 RV, S4 RV. S4
2 VF 0 VF
RV. S3
0 VT VT
LV. S4 LV. S3
4 0 0 0 0
5 0 0 0
6 0 VT VF VT
RV, S4 RV, S4 RV, S4
7 VF (died)
8 0 VF 0 VF VF 0
LV, S4 RV, S4 RV, LV, S4
9 0 0 0
10 0 VT VT
LV, S4 LV, S4
11 0 0 0 0
12 0 0 0 VF
LV, S4
The result of programmed ventricular stimulation is shown for each dog at various stages after infarction.
Spontaneous ventricular fibrillation occurring in the immediate postinfarction period is indicated in italics. When a
ventricular arrhythmia was induced, the site of stimulation is shown, as well as the number of extrastimuli (S)
delivered. LV = left ventricle; MI = myocardial infarction; Phase LII and III = days I to 3, 4 to 10 and II to 22 after
myocardial infarction, respectively; Post = after; RV = right ventricle; VF = ventricular fibrillation; VT = sustained
monomorphic ventricular tachycardia; 0 = no ventricular arrhythmia induced.
tachyarrhythmia was induced in seven dogs during at least
one postinfarction study. When all 39 programmed cardiac
stimulation studies were pooled together, sustained mono-
morphic ventricular tachycardia was induced in seven stud-
ies and unstable polymorphic ventricular tachycardia that
rapidly degenerated to ventricular fibrillation was induced in
eight studies. These arrhythmias were induced from the right
ventricle in eight studies and from the left ventricle in eight
studies (in one study, ventricular fibrillation was induced
from both a right and a left ventricular pacing site). Triple
extrastimuli were necessary for induction of stable mono-
morphic ventricular tachycardia or fibrillation in 13 of 15
studies, whereas double extrastimuli led to induction of
stable monomorphic ventricular tachycardia in two studies.
Eight dogs underwent electrophysiologic studies during
phase I (on day 1or 2after infarction). Sustained ventricular
arrhythmia could not be induced in any of these dogs (Table
1).
Ten animals underwent phase II studies (7.4 ± 1.8 days
after infarction). When sustained ventricular tachycardia or
fibrillation was induced during this phase (in five dogs),
repeat stimulation studies at a later date led to initiation of
sustained tachyarrhythmia during the second or third week
after infarction in all cases. In other words, this response to
programmed stimulation was reproducible during the re-
mainder of the postmyocardial infarction healing phase.
Ten animals underwent phase III studies (15.7 ± 2.7 days
after infarction [range 11 to 22]). In one dog, three separate
studies were undertaken; at day 19, no ventricular arrhyth-
mia could be initiated despite initiation of ventricular fibril-
lation at each study on days 6, 13 and 14.
Spontaneous ventricular arrhythmias were noted at two
separate stages after myocardial infarction: three dogs had
spontaneous ventricular fibrillation within 90 min of coro-
nary artery ligation (one could not be resuscitated) and seven
dogs developed runs of ventricular tachycardia that were
documented during the first 48 h after infarction. These latter
episodes were usually self-terminating and were overdriven
by atrial pacing in all cases. These features are consistent
with Harris type II arrhythmias (18) and may be automatic in
mechanism. Programmed ventricular stimulation in three of
these dogs failed to initiate sustained ventricular arrhythmia
during this early phase.
Characteristics of the body surface QRS complex during
sinus rhythm (signal-averaged ECG) (Table 2). A technically
satisfactory signal-averaged ECG could not be obtained in
five dogs during the phase I study and in one dog during the
phase III study. In each of the phase I studies, the difficulty
resulted from frequent ventricular ectopic activity that pre-
vented adequate sampling of sinus beats; in the phase III
study, this was due to excessive background noise.
There was considerable day to day variability in the
1368 KUCHAR ET AL.
SERIAL CHANGES IN SIGNAL-AVERAGED ECG
lACC Vol. 15. No.6
May 1990:1365-73
Table 2. Results of Signal-Averaged Electrocardiography
Phase I Phase II Phase III
Post-MI Study I Study II Study III Study IV Study V Study VI
Dog
No. Q V L Q V L Q V L Q V L Q V L Q V L Q V L
I 60 9 25 63 11 23 60 14 19 57 29 18
2 77 1 34 56 35 16 114 4 52'
3 57 27 12 57 51 16 68 11 27
4 56 69 15 61 75 12 58 38 18 55 144 14 44 89 15
5 47 128 11 58 26 17 51 86 11 61 76 17
6 58 9 20 58 20 18 63 5 23 50 26 13 62 19 20
7 62 20 17
8 61 8 20 57 24 16 56 30 15 61 39 17 57 55 15 56 75 14 60 27 18
9 52 76 14 54 36 15 50 113 11 55 38 13
10 68 21 18 67 11 22 59 15 19
11 49 40 16 58 20 18 55 67 16 53 32 9
12 55 122 12 58 30 16 58 21 17
'Right bundle branch block. The three variables of the signal-averaged electrocardiogram shown for each study were recorded just before programmed
ventricular stimulation. These studies correspond to those described in Table I. Variables that fit the criteria for late potentials are shown in bold type. L = late
potential duration (ms); Q = total QRS duration (ms); V = voltage in the last 20 ms of the QRS complex (/LV).
voltage in the last 20 ms of the QRS complex and the late
potential duration (Fig. 1). No significant changes were
noted between the mean values during pre- and postinfarc-
tion studies overall (Wilcoxon test). However, in three dogs
(Dogs I, 2 and 8), the signal-averaged ECG recorded I h
after infarction was notable for a marked prolongation of the
QRS complex, accompanied by a reduction in the voltage of
the terminal portion of the QRS complex (late potentials).
Late potentials were recorded in three dogs during phase II
studies, and in one dog, late potentials were seen for the first
time during the phase III study.
Correlation of the surface ECG with results of pro-
grammed cardiac stimulation. Figure 2 compares the three
surface ECG variables according to pooled results of pro-
grammed ventricular stimulation in the postinfarction stud-
ies. In studies in which ventricular tachycardia or fibrillation
was inducible, the QRS duration was longer (61 ± 5 versus
57 ± 3 ms, p = 0.02) and had a lower terminal QRS
amplitude (24 ± 20 versus 46 ± 33 p,V, p = 0.04) and longer
late potential duration (19 ± 4 versus 15 ± 3 ms, p = 0.003)
than in studies in which ventricular arrhythmias were not
inducible. Dogs with inducible ventricular fibrillation had
surface QRS characteristics on the day of study that were
intermediate between the results seen in dogs with mono-
morphic ventricular tachycardia and in dogs without induc-
ible arrhythmias. The number of sinus beats averaged and
the noise levels attained with averaging were not signifi-
cantly different in all three groups. The mean noise level in
the ST segment was 0.6 ± 0.2 p,V. Of the three ECG
variables, only QRS duration was significantly different in
dogs with compared with dogs without induced ventricular
fibrillation (63 ± 4 versus 58 ± 5 p,V, respectively, p < 0.05).
The sensitivity of late potentials for induction of mono-
morphic ventricular tachycardia was 100%, the specificity
was 96% and the positive predictive value was 86%.
Relation of temporal changes in arrhythmia inducibility
and the surface QRS complex (Tables 1 and 2). As already
described, three dogs developed a late potential I h after
creation of experimental infarction. Two of these dogs
developed spontaneous ventricular fibrillation during the
perioperative period. The presence of postoperative late
potentials was not related to the subsequent development of
late potentials or the inducibility of ventricular tachycardia
in later studies after the first 3 days. In two of these dogs,
late potentials were not seen at a later study. Programmed
cardiac stimulation failed to initiate ventricular arrhythmias
in the two dogs without late potentials, whereas in the other,
late potentials were present and monomorphic ventricular
tachycardia was induced.
Seven dogs did not develop late potentials beyond the
immediate postoperative period. In only one of these ani-
mals could sustained ventricular tachyarrhythmia (ventricu-
lar fibrillation) be induced. No ventricular arrhythmia was
inducible with stimulation from three ventricular sites in the
remainder.
In the four dogs that developed late potentials, a change
in signal-averaged ECG variables heralded the change in
inducibility of ventricular tachycardia. Similarly, a loss of
late potentials was accompanied by the inability to induce
monomorphic ventricular tachycardia. In Dog I, ventricular
fibrillation was initiated on day 4 and monomorphic ventric-
ular tachycardia on day 8-on each of these days, late
potentials were recorded. On day 19, however, late poten-
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tials were no longer recorded, and monomorphic ventricular
tachycardia was not inducible.
Two dogs had no inducible arrhythmia and a normal
signal-averaged ECG during the phase I and II studies, but
subsequently had sustained ventricular arrhythmia induced
Discussion
This study sought to determine the relation between the
occurrence of late potentials recorded from the surface EeG
and the propensity to sustained ventricular tachyarrhyth-
mias after experimental canine myocardial infarction. In
particular, the time course of the development of late poten-
tials and their relation to the inducibility of ventricular
tachycardia were assessed.
Inducibility of ventricular arrhythmias after myocardial
infarction. Prior studies during the convalescent phase of
myocardial infarction in experimental animals (15,16) have
demonstrated a time-dependent response to programmed
cardiac stimulation. Sustained monomorphic ventricular
tachycardia has been shown to be a specific arrhythmia for
the postmyocardial infarction state, occurring more often in
the presence of large infarct size or low ejection fraction
(15). However, the propensity to develop this arrhythmia
appears to be related to the age of the infarction, with a
progressive decrease in ventricular tachycardia inducibility
with time. It has been suggested that this change in induc-
ibility is related to several factors, including local changes in
action potential duration and local conduction properties of
myocardial cells in the infarct border zone (16,20,21).
Signal-averaged ECG to predict inducibility of ventricular
tachycardia. Although local conduction times were not mea-
sured in this study, the signal-averaged surface ECG was
utilized to identify conduction slowing. A good correlation
between intracardiac recordings of epicardial conduction
delay and high resolution body surface recordings has been
previously demonstrated (21,22). Consistent with the find-
ings of previous groups (23-25) that demonstrated progres-
sive epicardial delay in the infarction zone after coronary
occlusion, we demonstrated the development of late poten-
during the phase III study (after 10 days). One of these
animals (Dog 3) developed late potential (Fig. 3), and the
other (Dog 2) developed a right bundle branch block pattern
with a QRS duration of 114 ms, low terminal voltage (4 /-LV)
and prolonged late potential duration (52 ms). The data from
this latter dog were not included in the pooled signal-
averaged ECG analysis because of the uncertainty of the
significance of these findings in the presence of bundle
branch block (19) .
Hence, in those animals in which late potentials devel-
oped beyond the acute state of myocardial infarction
(n = 4), these appeared between days 3 and 10 in three dogs
and after 22 days in one dog. In each case, the appearance of
late potentials coincided with a change in the response to
programmed cardiac stimulation from no ventricular ar-
rhythmia being induced to the initiation of sustained mono-
morphic ventricular tachycardia. Conversely, monomorphic
ventricular tachycardia was always associated with the
presence of a late potential.
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Figure 1. Changes in signal-averaged electrocardiographic (ECG)
variables after myocardial infarction. Serial changes in terminal
QRS voltage (V20) and late potential duration (LPd) are shown
before (PRE) and after (POST) coronary artery ligation and during
the next 2 to 3weeks. A, Results are shown for a dog that developed
late potentials immediately after infarction with gradual "normal-
ization" of the signal-averaged ECG by day 19. Results of pro-
grammed ventricular stimulation in this dog are also indicated. B,
Results for a dog that did not develop late potentials. VF =
ventricular fibrillation; VT = ventricular tachycardia.
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Figure 2. Signalcaveraged electrocardiographic variables according
to the results of programmed ventricular stimulation. A, Total QRS
duration in dogs with and without induced ventricular arrhythmias.
B, Terminal QRS amplitude (V20). C, Late potential duration
(LPD). Mean values are indicated. VA = ventricular arrhythmia;
other abbreviations as in Figure I.
tials 60 min after ligation of the left anterior descending
coronary artery in a small subgroup of dogs. Failure to
demonstrate such delay on the surface ECG in a larger
number of dogs may have resulted from the relatively late
recording of the signal-averaged ECG after complete surgi-
cal closure of the chest (approximately 60 min) or to in-
creased thoracic impedance resulting from incomplete
resorption of intrathoracic air during the immediate post-
thoracotomy period. During later studies, there was a clear
difference in surface QRS characteristics between dogs with
and without inducible monomorphic ventricular tachycardia.
These findings are similar to those of Spear et al. (22),
who defined late potentials in a similar manner. Absolute
values for QRS duration and late potential voltage and
duration differ in our study, and may be the result of the use
of a different filter corner frequency. We used a 40 Hz filter
to emulate the equipment used in previous clinical research
studies of patients with coronary artery disease (10-13). The
use of filters with lower corner frequencies led to inclusion of
low frequency signals, which reduced the ability of the
computer algorithm to accurately determine QRS offset.
Although the study of Spear et al. (22) correlated late
potentials with inducible ventricular arrhythmias in a model
of chronic canine infarction, our study is unique in that it
documents the evolution of ECG changes and describes their
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time course in relation to the changing propensity to ventric-
ular arrhythmias, according to the response to programmed
cardiac stimulation.
Animals with induced ventricular fibrillation had surface
QRS characteristics intermediate to those seen in dogs with
monomorphic ventricular tachycardia and those without
induced ventricular arrhythmias. This observation suggests
that in some instances, inducible ventricular fibrillation is
associated with abnormal conduction characteristics consis-
tent with a substrate for reentrant ventricular tachycardia,
whereas in others, the induction of ventricular fibrillation
may represent a nonspecific or false-positive response to
programmed cardiac stimulation and can be seen in normal
hearts.
Figure 3. Dog 3. Comparison of signal-averaged electrocardiograms
before coronary ligation (A). 4 days after infarction (B) and 22 days
after infarction (C). At 4 days (A). there is no evidence of late
potentials. and no ventricular arrhythmia was induced. At 22 days
(el. a late potential is seen. and sustained monomorphic ventricular
tachycardia was induced at electrophysiologic study.
The parallel time course of the inducibility of sustained
ventricular tachycardia and the development of late poten-
tials after myocardial infarction lends weight to the conten-
tion that the signal-averaged ECG indeed identifies an ar-
rhythmogenic substrate. The finding of resolution of the
surface QRS complex changes and a change in induction
characteristics of ventricular tachycardia is also consistent
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with the hypothesis that arrhythmia inducibility is closely
related to changes in conduction characteristics in the dis-
eased myocardium, which in turn are reflected on the body
surlace by the signal-averaged ECG tracing. The closer
correlation between induced ventricular tachycardia and late
potentials in dogs than that seen in humans probably stems
from the fact that the QRS complex in dogs is considerably
narrower than in humans and a delay in myocardial activa-
tion resulting from myocardial infarction should be ex-
pressed in the terminal QRS complex.
The failure of the signal-averaged ECG to correlate with
the episodes of spontaneous ventricular tachycardia during
the first 72 h of infarction supports previous evidence (26)
that the mechanism of this arrhythmia is different from that
causing the induced ventricular arrhythmia observed later
after infarction. These arrhythmias have been shown to be
associated with increased automaticity of Purkinje fibers and
myocardial cells rather than epicardial delay, suggesting that
conduction disorders are not a significant factor in arrhyth-
mogenesis during this phase (26,27). This is supported by the
failure of ventricular tachycardia to be induced by pro-
grammed stimulation in those animals exhibiting this ar-
rhythmia. In contrast, later studies (beyond day 4) did
demonstrate a close relation between changes in the terminal
portion of the QRS complex and the initiation of sustained
ventricular arrhythmias.
Conclusions. The findings of this study support the hy-
pothesis that slow activation, presumably occurring in the
periinfarct zone, is closely associated with a propensity to
ventricular tachyarrhythmias. Loss of late potentials may
herald a significant reduction in the likelihood of inducibility
of ventricular tachycardia. Further studies of serial changes
on the signal-averaged ECG and the response to pro-
grammed ventricular stimulation through to the late conva-
lescent and chronic phase of infarction are needed.
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